Clemson University

TigerPrints
All Theses

Theses

December 2021

A Computational Evaluation of Turbulence Generators in Co-Axial
Ground Heat Exchangers
Rohit Ashok Rao
Clemson University, rohitraobgm@gmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses

Recommended Citation
Rao, Rohit Ashok, "A Computational Evaluation of Turbulence Generators in Co-Axial Ground Heat
Exchangers" (2021). All Theses. 3646.
https://tigerprints.clemson.edu/all_theses/3646

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact
kokeefe@clemson.edu.

A Computational Evaluation of Turbulence
Generators in Co-axial Ground Heat
Exchangers

A Thesis
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Mechanical Engineering

by
Rohit Ashok Rao
December 2021

Accepted by:
Dr. Vincent Blouin, Committee Chair
Dr. Richard Miller, Committee Co-chair
Dr. Jay Ochterbeck

Abstract
The heat transfer of ground heat exchangers used in geothermal heating and
cooling of buildings partially depends on the velocity, or more specifically the Reynolds
number (Re), of the fluid circulating inside the geothermal pipe. Higher Re induces
higher heat exchange, which can be achieved with higher fluid velocity. However, the
pumping energy necessary to achieve the high fluid velocity is significant. Alternatively, turbulence generators (turbulators) in the form of helical wings inserted inside
the pipe can generate and maintain a turbulent flow even at small fluid velocities,
thereby inducing higher heat transfer. However, the inclusion of helical turbulators
creates obstruction in the flow, which gives rise to a pressure drop across the turbulators that also increases the pumping energy. This thesis describes a parametric
study comparing different helical turbulators in terms of size and shape, and investigates their impact on the heat exchange and the pumping energy. The comparison
is made using multi-physics numerical models. The models represent the actual heat
transfer from the fluid to the pipe and to the surrounding ground. Trade-off analysis
is performed for each model where both heat transfer and pump consumption are
considered, and net savings for each case are determined. The results of the simulations are presented and discussed in terms of improvements compared to traditional
geothermal pipes without turbulators. The overarching goal of this research is to
optimize the design and the number of turbulence generators in geothermal pipes to
ii

maximize heat transfer while minimizing pumping energy.
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Chapter 1
Introduction
Climate change is possibly the most important issue today all over the world.
The rising temperatures and the melting of polar icecaps are happening at a rapid
rate. The use of fossil fuels to generate power has been causing a lot of pollution
and the release of toxic greenhouse gases. Although the transition to more renewable
sources of energy, such as geothermal, solar, wind, bio-fuel is happening, still the
technology has not matured enough to rely on these sources completely.
Geothermal energy is one of the upcoming renewable energy sources being
developed all over the world. Currently, there are around 26 countries that use
geothermal energy for power generation and around 70 countries that use geothermal
energy for heating and cooling purposes [2]. The energy extracted per unit area from a
geothermal well is low. A large area of land is required to generate power [3]. Thus, it
is necessary to develop innovative ideas to improve the overall efficiency of geothermal
pipes. Today, the majority of geothermal power plants are located in Iceland. There
are in fact, a very few selected places on earth that have been discovered until now that
have the capability of providing enough geothermal energy to serve our commercial
needs. Specific regions in the world that have sufficient stored geothermal energy are
1

those that have volcanic activities and hot springs. Since the technology is relatively
new compared to existing fossil fuels, tapping heat energy from the earth hundreds of
meters below is not yet a very efficient way. There are a lot of initial costs in setting up
huge geothermal power plants, including land acquisition, drilling, legal agreements,
authorization, etc. Since large-scale commercial usage of geothermal energy is still in
the early stage, we cannot wait for another 20 years for the technology to develop, to
start using it.
For the past few years, many companies and organizations such as the International Ground Source Heat Pump Association (IGSHPA) have been developing
shallow geothermal systems for heating and cooling of individual buildings and homes.
Residential geothermal systems are a great way of utilizing the ground right below the
building for heat storage. During the summer, the heat from the building is extracted
and stored in the ground. This stored heat is utilized to keep the building warm during the winter. The geothermal heat pump industry helps in getting a step closer
to renewable energy by promoting the usage of clean and green geothermal energy
for heating and cooling and thus promoting decarbonized and sustainable future for
the world. The Environmental Protection Agency (EPA) released a report in 1993
that geothermal energy can provide comfort, savings, and reliability while reducing
pollution and energy usage. Adoption of geothermal heat energy can provide around
20-50% savings in energy and provide 30% higher cooling and 60% higher heating
efficiencies [4]. Although the initial costs may be as high as $50,000 [5], the return
on investment will be positive in the long run [4].
A typical geothermal system used for heating and cooling purposes comprises
of a heat exchanger which is a long pipe buried in the ground in which the fluid flows
and exchanges heat with the ground. There can be a single pipe with a U-bend, two
co-axial pipes or coil-shaped pipes. These pipes can be buried either vertically or
2

horizontally in the ground. If a nearby lake/pond is used as a heat sink/source, the
pipe can be laid flat on the lake bed. The whole system forms a closed loop. The
geothermal pipe is connected to a heat pump located in the building. The fluid from
the geothermal pipe exchanges heat with a refrigerant that flows in the heat pump
system. A water pump is used to circulate the fluid in the system, which consumes
an external source of electrical energy to pump the fluid. During the summer, heat
is extracted from the air inside the building by the refrigerant, which vaporizes by
absorbing heat. The cold fluid from the buried pipes flows into the heat pump and
extracts heat from the refrigerant vapor and its temperature increases. The warm
fluid passes through the buried pipes and ejects heat to the ground. The cold fluid
comes out at the top and the process continues. During the winter, the cold fluid
flowing through the buried pipes, extracts heat from the ground and the warm fluid
comes out of the geothermal pipes. This fluid passes through the evaporator of the
heat pump and ejects heat to the liquid refrigerant. The refrigerant absorbs heat
and changes into a saturated vapor. This vapor passed through a compressor and
changes to a high temperature and high-pressure super-heated vapor. Then it passes
through a condenser and changes its phase to a saturated liquid by rejecting heat to
the air flowing over the coils. This cool air is then released into the building. The
refrigerant liquid then enters the evaporator again by passing through a throttle valve
and changing its phase to a liquid-vapor mixture and the heat pump cycle continues.
The fluid flowing in the geothermal pipe comes out of the evaporator after the heat
ejection and passes through the water pump that pumps the fluid back into the buried
geothermal pipes and the process continues.
The ability of the ground to maintain a nearly constant temperature throughout the year is the main reason why the geothermal energy can be used for heating and
cooling purposes. Many researchers have shown that the temperature of the surround3

Figure 1.1: Schematic of a Typical Geothermal System

ing ground might increase, or decrease gradually every year, due to an imbalance in
heat extraction and heat ejection with the ground during the winter and the summer,
respectively. Due to longer winters in the northern states and longer summers in the
southern states, the amount of heat in the surrounding ground may gradually increase
or decrease, depending on the region. This generally causes a reduction in the thermal efficiency over the years, due to a change in the temperature difference between
the fluid and the surrounding ground. Although geothermal energy has limitations,
this technology has immense potential to replace non-renewable sources of energy in
the near future and overshadow its own limitations through continuous technological
developments.
A lot of research has been done previously on geothermal heat exchangers
used for heating and cooling purposes. There are mainly open-type and closed-type
geothermal systems. In the closed-type, the pipes can be buried vertically, horizontally, or laid flat in a helical pattern. In the open-type, the fluid is pumped out of

4

the geothermal well, and after passing through the system, it is discharged back into
the well.
Continuous research and developments are taking place in this field to optimize
the ground geothermal heat exchangers to make them more thermally efficient. This
research also focuses on improving the designs of geothermal heat exchangers of coaxial type, by incorporating helical turbulence generators in the annulus region of the
concentric pipes. The geothermal ground heat exchanger analyzed in this research
is mainly used for heating and cooling of commercial and residential buildings. The
type of geothermal heat exchanger analyzed is a co-axial ground heat exchanger in
which the fluid enters the pipe in the annular region, goes down and rises up through
the inner pipe. Wang. Z, Wang. F, Liu. J [6] have shown that fluid flowing from
the annular to inner pipe has better heat transfer than fluid from the inner to the
annular pipe.
Many researchers like C. Steins [1], Niranjan R. [7], Park C. and Lee D. [8],
Wang J. [9] and Guillaume F. [10] have done experimental or numerical analysis on
co-axial geothermal systems without any turbulence generators. Steins C. [1] in his
research has done a similar numerical study on coaxial geothermal heat exchangers
with a single turbulator. Our study is built on his work where we compare different
turbulator designs and perform trade-off analysis with the water pump. We have
incorporated turbulence generators (turbulators) in short, in the annular regions of
the pipe. These are helical twisted blades that impart rotation and mixing to the
fluid. It is known that mixing and vortex formation in the fluid causes turbulence
which helps in enhancing the heat transfer with the ground.
The objective of this research is to design the turbulators and vary the design
parameters such as the number of turns and the pitch length as shown in Figure 1.2 to
compare four different shapes of turbulators with the traditional geothermal co-axial
5

Figure 1.2: Turbulator design

pipe without turbulators. In Figure 1.2, the turbulator has 2.5 revolutions. For other
models, the number of revolutions and the pitch length are varied. Images of other
models are in chapter 3. The turbulators create a rotational flow downstream that
helps in uniform mixing of the fluid and an increased heat exchange with the surrounding ground. The turbulator designs are varied to analyze the effects of changing
the pitch length and number of helical rotations (as shown in Figure 1.2) on the heat
transfer. A numerical CFD analysis is done on ANSYS Fluent and the results like
temperature drop, pressure drop and total heat transfer to the ground are compared.
Using appropriate equations, the total pump energy consumption is calculated for
each case and the net energy savings for each case is determined to select the best
turbulator design.
Using the water pump energy consumption data, a trade-off analysis is performed to determine the coefficient of performance (COP) for each turbulator case.
This is necessary because of the fact that turbulators cause a restriction to the fluid
flow in the pipe. Due to the restriction, there is a pressure drop in the fluid which

6

requires more pumping energy by the water pump. So, the inclusion of turbulators
increases the heat transfer between the fluid and the ground, but also increases the
pumping energy and the electrical power consumed by the water pump. Hence, it is
necessary to consider the effects of both these factors in determining the overall performance of the geothermal system. By analyzing the COP for each case, a conclusion
would be made on the best turbulator design.

7

Chapter 2
Related Work
Many studies focused on geothermal heat exchangers in the past. Researchers
such as [10, 8, 11, 12], have mainly done numerical simulations, lab experiments,
and on-field measurements to make conclusions on their effectiveness and have also
suggested methods to improve their efficiency. Most of the existing research efforts
on vertical ground heat exchangers have been on traditional geothermal pipes that
consist of a singe pipe buried in the ground, with a U-bend at the bottom as shown
in Figure 2.1. Although some studies have been done incorporating turbulators, they
are not with the co-axial pipes. A research paper by Steins et al. [1] deals with the
comparison of co-axial geothermal pipes with and without turbulators. His research
deals with an experimental setup and CFD simulation that focus on just one type of
turbulator. They conclude that the heat transfer coefficient can be optimized under
a set of constraints. The study presented in this thesis builds on the work done by
Steins et al. [1] by analyzing various turbulator models that could improve thermal
efficiency.

8

Figure 2.1: 3 types of common geothermal pipes

2.1

Numerical Simulation Studies
Raymond et al. [13] did a numerical simulation on the traditional U-bend

heat exchanger to determine that the length of the pipe can be reduced if the pipe is
thermally enhanced. They used a new high-density polyethylene (HDPE) material (as
opposed to the typical HDPE material) for the pipe which had a 75% higher thermal
conductivity and it resulted in almost 24 % reduction in the thermal resistance of
the geothermal pipe with a U-bend. The borehole thermal resistance is a critical
factor that determines the thermal efficiency of a geothermal pipe. The lower the
borehole thermal resistance, the better the thermal enhancement of the pipe. A
similar conclusion was also done by Chen et al. [14], where they found that the
thermal conductivity of the soil was a very important factor that would determine
the performance of the geothermal system. The ability of the soil to store heat is
crucial for the efficient functioning of the entire geothermal system [14].
The boundary conditions they used for the model had a constant far-field

9

Figure 2.2: Linear heat flow from the outer pipe as a function of the heat transfer
coefficient for constant thermal conductivity of the ground of 2 W/mK for various
ground radius values (taken from Stein et al. [1])

temperature of 10℃, which is the undisturbed ground temperature. As discussed in a
later chapter, a similar boundary condition cannot be applied in this research because
it includes the comparison of two different geothermal pipes. Since the goal of this
study is to compare the traditional co-axial pipe with and without turbulators, the
same far-field temperature boundary condition cannot be applied to both models.
Raymond et al. [13] also concluded that the highest reduction in the thermal
resistance was achieved by placing spacers between the pipes and by surrounding the
pipes with a high thermal conductivity grout. The model in this research has spacers
in the form of turbulators that maintain the distance between the downstream and
upstream pipes. Also, the grout considered in this research is BS 30-30, which is
considered a high conductivity grout.
The work done by Steins et al. [1] deals with a CFD model that supports their

10

Figure 2.3: Linear heat flow from the outer pipe as a function of the heat transfer
coefficient for constant radius of the ground of 1 m for various thermal conductivity
values of the ground (taken from Stein et al. [1])

experimental work. Using the heat transfer equation for concentric cylinders, they
plotted the curves of total heat carried by the fluid with the convective heat transfer
coefficient, by changing the ground size and ground thermal conductivity. They found
that, larger ground size and smaller thermal conductivity lead to insignificant change
in heat transfer when a turbulator or vortex generator is added, for a given water
and ground temperature. This is due to the fact that the ground thermal resistance
overshadows the extremely high heat transfer coefficient provided by the turbulator.
Instead, a larger thermal conductivity of the ground with a small size, can provide
significant increase in heat transfer by adding a turbulator. This improvement is
visible at lower heat transfer coefficients. They also concluded that a turbulator
with a larger annular gap and lower volumetric flow rate can provide a heat transfer
coefficient that could be optimized to achieve a higher thermal efficiency. They used

11

Figure 2.4: Cylindrical Heat Conduction

the equation of cylindrical conduction listed below. The heat transfer, Q, through
the various domains (i.e., pipe, grout, and ground) is directly proportional to the
temperature difference between the fluid and the far-field temperatures, T1 and T4 ,
and inversely proportional to the total thermal resistance offered by the solid domains.
According to Figure 2.4,

Q=

T1 − T4
Rpipe + Rgrout + Rground

(2.1)

where,
Rpipe =
Rgrout =

r2 − r1
kpipe Alm,pipe

(2.2)

r3 − r2
kgrout Alm,grout

(2.3)
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r4 − r3
kground Alm,ground

(2.4)

Alm,pipe =

A2 − A1
ln(A2 /A1 )

(2.5)

Alm,grout =

A3 − A2
ln(A3 /A2 )

(2.6)

Alm,ground =

A4 − A3
ln(A4 /A3 )

(2.7)

Rground =

A = 2πrL

(2.8)

and L is the length of the geothermal pipe considered, and R and k are the notations
for the thermal resistance and thermal conductivity of a given domain, respectively.
In comparison with Steins et al.’s research [1], this study implements a lower
volumetric flow rate and a larger annular region than the traditional U-bends to
accumulate a greater fluid volume per unit length of co-axial pipe, and to have a
greater residence time inside the pipe for better heat transfer. This study also considers the influence of multiple turbulators on heat transfer and water pump power
consumption.

2.2

Various Borehole and Turbulator Types
There are various types of borehole geothermal heat exchangers that are cur-

rently being used all over the world. The most common type of borehole is a U-bend
type, in which the fluid enters through the inlet and goes down to the bottom of the
geothermal well and rises up through the outlet. The U-bend type has a single long
pipe that has a U-shaped bend at the bottom of the well. This type of borehole is
not very effective in heat transfer since the borehole thermal resistance in a U-bend
is much higher than in the co-axial pipes [10].
13

The heat transfer efficiency of a co-axial borehole is also higher than that of the
traditional U-bend. The research by Wang [9] focuses on a comparative study between
the U-bend and the co-axial boreholes. Wang found that the co-axial configuration
requires a smaller pipe length by around 30% compared to the U-bend. This reduces
the cost of installation. A same pumping force could provide a 40% higher flow rate
in a co-axial pipe when compared to a U-bend.
Slinky loops are another kind of ground heat exchangers that require less
drilling and more ground surface, due to their large spread-out area. Although this
type of heat exchanger is suitable for lower budget installations, it might not be
suitable in the long run. These horizontal ground heat exchangers(HGHE) provide
less energy output compared to the vertical GHEs. Slinky loops lose efficiency because
of the fact that they are not buried very deep in the ground [15]. Thus, after a short
period of time of usage, the heat transfer efficiency with the surrounding ground
decreases. Since these slinky loops are buried just a few feet in the ground, the
surrounding ground starts losing stored heat during winters due to continuous heat
extraction. Similarly, during the summer, the continuous ejection of heat to the
ground increases the ground temperature and causes less ∆T between the ground
and the pipes [16].
Within the co-axial type borehole, different configurations can provide different thermal performances such as the horizontal co-axial type by Akhmadullin and
Tyagi [17], where they came up with a method to utilize existing depleted petroleum
wells to use them for geothermal power generation. The research by Wang et al. [6]
on optimum design characteristics of deep borehole heat pump showed that having
the fluid inlet velocity between 0.3 m/s and 0.7 m/s resulted in a better thermal performance of the co-axial pipes. The fluid flowing from the annular region to the inner
pipe had an improved thermal behavior. When the size of the outer pipe increased,
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there was a 11% to 32% improvement in heat exchange and fluid outlet temperature.
Similarly, when the inner pipe size was increased, the heat exchange and fluid outlet
temperature reduced by 8% to 18%. It can be said that the pressure drop in the fluid
is also affected with the change in pipe dimensions. The greater the space between
the inner and the outer pipes, the lower the pressure drop. This is due to a larger
sectional area and lower velocity. But, a smaller inner pipe size can also cause a
higher pressure drop in the inner pipe, due to a reduced sectional area. Thus, it is
important to have an optimal size of the inner and the outer pipes.
The vortex generator/turbulator type used by Steins et al. [1] is a single 2.5revolutions helical type that is similar to the ones used in this study. Steins et al.
proved that the 2.5-revolution helical turbulator can provide around 200% increase in
the heat transfer coefficient. This study analyses the effects on heat transfer coefficient
by varying the turbulator design parameters such as the number of revolutions and
the pitch.

2.3

Heat Transfer and Turbulence Relationship
It is well known that heat transfer and turbulence are related to each other.

When a fluid flows through a pipe, convective heat transfer occurs with the pipe wall,
when there is a temperature difference between the bulk fluid and the wall surface.
The higher the turbulence, the higher is the fluid kinetic energy and thus the greater
is the heat transfer. Turbulence in a fluid flowing through a pipe can be generated
in different ways, including obstruction to the flow, higher fluid velocity, and low
dynamic viscosity of the fluid.
In a turbulent flow, the convective heat transfer coefficient is determined by
a non-dimensional number called the Stanton number, St. It is the ratio of the heat
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transferred by the fluid to the thermal capacity of the fluid, and is defined as follows
[18]
St =

Nu
h
=
ρuCp
ReD P r

(2.9)

where ρ is the density, h is the heat transfer coefficient, Cp is the specific heat capacity
of the fluid, u is the fluid velocity, N u is the Nusselt number, ReD is the Reynolds
number, and P r is the Prandtl number. The Nusselt number is the ratio of convective
to conductive heat transfer at a fluid boundary. According to the Dittus-Boelter
equation for a forced convection in a turbulent flow in a pipe [19],
4/5

N u = 0.023ReD P r1/3
ρuD
µ

(2.11)

µCp
k

(2.12)

ReD =
Pr =

(2.10)

where µ is the dynamic viscosity of the fluid, ReD is a function of the pipe diameter,
k is the thermal conductivity of the fluid and D is the pipe hydraulic diameter. By
substituting Equation 2.10 in Equation 2.9 and simplifying, we get

St =

h
0.023
=
1/5
ρuCp
ReD P r2/3

(2.13)

From equation 2.11, we see that the Reynolds number is directly proportional
to the fluid velocity. Thus, higher turbulence is caused by higher fluid velocity.
Equation 2.10 shows that the Nusselt number is directly proportional to the Reynolds
number. Using equation 2.11 and 2.12 in equation 2.13 and simplifying, we get
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equation 2.14.
1/3

0.023(ρu)4/5 Cp k 2/3
h=
= 0.023 ∗ Const ∗ u4/5
1/5
7/15
D µ

(2.14)

Assuming ρ, Cp , µ, D and k to be constant for the fluid, it is clear from equation 2.14
that the fluid velocity is directly proportional to the heat transfer coefficient. So, a
higher fluid velocity can increase the Reynolds number and enhance the turbulence,
which can increase the heat transfer coefficient. The inclusion of turbulators in the
pipe can induce turbulence by increasing the velocity and enhance the mixing of the
fluid. This helps in uniform heat distribution within the fluid and improves the heat
transfer with the pipe. This is why researchers such as [8], [20] and [1], have previously
tried enhancing the heat transfer in the geothermal pipes by inducing turbulence.
A study by Jalaluddin and Miyara [21] on ground source heat pumps stated
that the heat transfer can be improved in the heat exchangers by having spiral tubes
rather than straight ones. They performed a CFD simulation to compare a traditional
U-bend with a continuous spiral tube of varying pitch. For the same initial conditions,
they found that the spiral tubes were better in exchanging heat with the surrounding
ground than the U-bend. Also, the heat transfer increased with a decrease in the
pitch because of greater residence time of the fluid in the geothermal pipe. They also
found that the heat transfer was greater in the case of a turbulent flow compared
to a laminar flow by 8 to 12%. In the spiral pipe with the smallest pitch, the heat
exchange rate increased by 1.5 times in the turbulent flow. This shows that the spiral
tube with turbulent flow provides a better heat transfer. Although the pressure drop
also increased by a factor of 6 due to the increase in spiral pipe length, the overall
efficiency of the spiral pipe was higher than the the U-bend.
In his paper, Steins et al. [1] referred to the research done by Baehr and
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Stephan [19], on the heat transfer coefficient on the outer surface of annulus flow.
The range they provided matched the calculations done by Steins using the cylindrical
concentric pipe heat transfer formula. Thus they introduced a vortex generator in the
annular region to provide mixing of fluid at lower volumes and increase the turbulence
to enhance heat transfer. They had an inlet flow rate and temperature boundary
condition for the fluid and had a temperature boundary condition even at the outerpipe wall. This temperature was equal to the fixed ground temperature. At steady
state with the same boundary conditions, they calculated the heat transfer coefficient
between the fluid and the pipe wall for both cases with and without the vortex
generator. They compared their CFD results with that of Baehr and Stephan [19],
and found that including a turbulence/vortex generator increased the heat transfer
coefficient by around 200%. They concluded that the inclusion of vortex generators
induces turbulence in the flow that increases the heat transfer coefficient. Finally,
they mentioned that optimizing this heat transfer coefficient would also lead to an
increased water pump power consumption. In this research, the effects of change in
turbulator design on the heat transfer coefficient are analyzed and the increase in
water pump consumption are also calculated.
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Chapter 3
Turbulator Design and Geothermal
Heat Exchanger Modeling
Researchers have done theoretical, experimental and computational studies
on geothermal heat exchangers. Although the theoretical approach provides a strong
proof, it is complicated and challenging to apply realistic conditions to the theoretical
model. Experimental approaches with field-work provide the most realistic results
to the problem. However, performing experiments on geothermal heat exchangers
is extremely time consuming, expensive, and complex, especially under laboratory
conditions with realistic boundary conditions. This study uses the computational
approach because of flexibility in modeling, simulating and applying various boundary
conditions. It is much cheaper than performing experiments, and multiple iterations
can be done relatively quickly by varying many parameters. However, this may
not provide extremely accurate results due to limits in computational power and
assumptions. This study uses the computational approach to simulate the thermofluid interaction using the commercial CFD software Ansys Fluent [22, 23]. Also,
the research uses both SolidWorks [24] and Ansys for modeling and simulation of the
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turbulators and geothermal coaxial pipes.

3.1

Purpose of Numerical Simulation
As explained above, this research uses a computational approach to simulate

the geothermal heat exchangers. Since various parameters such as the turbulator
number of revolutions, pitch, distance between turbulators, and pipe wall temperature are varied, many simulations are to be performed to analyze the results and
trends. Varying all the aforementioned parameters in a laboratory setting would be
challenging and would not provide flexibility. Since the number of simulations that
can be run on a computer can be fairly large, a numerical simulation is considered as
the most suitable method to extract the results. A personal computer was used to
do the modeling and meshing of the model using Citrix software, which is a server
virtualization and cloud computing software [25]. The numerical simulation was later
done using the Palmetto cluster. It is a high performance computing (HPC) resource
available at Clemson University. It consists of 2079 computer nodes with a total of
28832 cores. The Palmetto cluster is ranked 392nd in the world-wide supercomputers
and among the academic public institutions, it is ranked 9th in the US [26].
Due to great technological advancements in the field of numerical computations, very reliable results can be obtained through numerical simulations. However,
it is necessary to validate these results through experiments, that can be conducted
in the future. For instance, the issue with the far-field temperature distribution, that
will be discussed in the upcoming sections, is complex. In the computational model,
it is convenient to check the temperature distribution in the ground far-field that is
very large compared to the size of the geothermal pipe. Properties like temperature,
heat flux, velocity, and heat transfer coefficient can be calculated at any node in the
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pipe and fluid domain. This is not very convenient in case of experimental setups,
due to data extraction complexities and limited resources. Due to such reasons, it is
sensible to perform a numerical simulation to get initial results that can form a basis
for future experimental works used for validation.

3.2

Design of Helical Turbulators
Chapter 2 discussed the influence of turbulence in a fluid flowing through a

pipe, on heat transfer. As the Reynolds number increases, the Nusselt number also
increases. This causes an increase in the heat transfer capability of the fluid. Steins
et al. [1] proved that the inclusion of a vortex generator in a coaxial geothermal pipe
caused around 200% increase in the heat transfer coefficient. The vortex generator created a vortex or a rotational flow in the annulus region. This increased the
turbulence and had a positive effect on heat transfer.
Similarly, in this research, four helical turbulators were designed with small
parametric variations. These helical turbulators are shown in Figures 3.1 - 3.4. The
two parameters that are varied in the turbulator designs are the number of revolutions
and the pitch. These two parameters were varied with the intention of checking how
the twist in the turbulator and its length affect the turbulence and heat transfer. The
number of revolutions was varied as 1.5, 2.5 and 3.5. The pitch was varied as 15.4mm,
25.4mm and 35.4mm. Turbulator 1 was defined by rev=1.5 and pitch=25.4mm. This
turbulator was used to check how a low number of revolutions with medium pitch
affect the heat transfer. Turbulator 2 was defined by rev=2.5 and pitch=15.4mm.
This was used to check the heat transfer for medium number of revolutions and a
small pitch. Turbulator 3 was defined by rev=2.5 and pitch=25.4mm. This one
showed how a medium number of revolutions and medium pitch affect heat transfer.
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Figure 3.1: Turbulator 1: rev 1.5 pitch 25.4mm

Finally, turbulator 4 was defined by rev=3.5 and pitch=35.4mm. This one has the
highest number of revolutions as well as the highest pitch.
Before conducting the simulations, it was assumed that the turbulator having
low revolutions provides a smaller rotation of the fluid and thus lower heat transfer.
The greater the number of revolutions, the higher the rotational flow of the fluid,
causing higher heat transfer. Similarly, it was also assumed that smaller pitch length
causes more pressure drop due to less volume for the fluid to flow between the helical
blades. It could also have a higher heat flux within the turbulator region, due to
more fluid restriction. However, for larger pitch values, the fluid was assumed to have
more space to flow between the blades, thus causing a smaller pressure drop across
the turbulator and relatively lower heat flux within the turbulator region. All these
assumptions were validated through CFD simulations using Ansys Fluent.
In the later chapters, an analysis is done on how the pressure drop and heat
transfer vary with an increase in the number of revolutions and the pitch. Turbulators
1 and 3 are compared for same pitch and different revolutions. Turbulators 2 and 3
are compared for same number of revolutions and different pitch values.
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Figure 3.2: Turbulator 2: rev 2.5 pitch 15.4mm

Figure 3.3: Turbulator 3: rev 2.5 pitch 25.4mm

Figure 3.4: Turbulator 4: rev 3.5 pitch 35.4mm
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Figure 3.5: Turbulator Fluid Model

3.3

CFD Modeling with ANSYS Fluent
The computational fluid dynamics (CFD) modeling for the co-axial geothermal

heat exchangers is done on Ansys Fluent. The modeling of the turbulators attached
to the inner pipe, was done on Solidworks and imported on Ansys design modeler. In
the modeler, the fluid model was created around the imported Solidworks model, as
shown in Figure 3.5.

3.3.1

3D model of the Geothermal System
The Boolean operation was used to create the fluid model. Simulations were

done on both multi-physics as well as only fluid models. For the multi-physics model,
the solids were also created around the fluid model. Solid zones included the outer
pipe, grout and ground. The only fluid model had just the fluid zone. The actual
geothermal heat exchangers are typically 50 to 200 meters deep. In this research, the
model needed to capture the behavior of the fluid and the heat transfer at a section
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Figure 3.6: Only Fluid Model

Table 3.1: Dimensions of the model
Length
Dimension (mm)
D1
37.5
D2
97
D3
105
D4
150
D5
4000

where the fluid is fully developed into a turbulent rotational flow and not affected by
the end effects of the inlet and outlet. Therefore, a four-turbulator model as shown
in Figure 3.6 was created. Although the inlet had a streamlined flow, the flow at the
section between the 2nd and 3rd turbulators were already turbulent and rotational.
Thus, this section was used as a good representation of the fully-developed fluid flow
along a real geothermal pipe.
The multi-physics model created on the Ansys design modeler is shown in
Figure 3.7. The fluid is located at the center of the model. A complete 360-degree
volume around the pipe was modeled, as opposed to only a small section, because
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Figure 3.7: Multi-physics Model

of the non-symmetrical fluid flow. It should be noted that in the current model,
the fluid flow in the inner pipe of the coaxial heat exchanger is not considered to
avoid unnecessary complexity. Since the analysis is in the annular region of the
pipe, the pressure drop in the inner pipe is calculated theoretically, to find the total
water power consumption. In Figure 3.7, the gray part is the fluid domain, the
blue part is the outer pipe, the green part is the grout and the brown part is the
ground domain surrounding the geothermal system. The dimensions of the model
are given in Table 3.1 and the material properties are described in Table 3.2. The
diameters of the pipe and grout were considered referring to the dimensions of the
Geokoax model. Geokoax is a German company involved in the manufacturing and
installation of geothermal heat exchanger systems for residential and commercial hvac
applications [27]. Geokoax is involved in a partnership with Clemson University, SC
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Table 3.2: Material Properties

Domain
Fluid
Pipe
Grout
Ground

Material
Water
Chlorinated PVC
BS 30-30
Rock Soil

Thermal
Density Conductivity
Cp
3
(W/mK)
(kg/m )
(J/kgK)
998.2
0.6
4182
1560
0.16
900
1439
1.127
2519
1800
2.1
1845

to conduct research on their geothermal heat exchangers [28]. The diameter of the
ground used in the multi-physics model is truncated to 4m. In the upcoming section
of this chapter, the far-field temperature issue is discussed in detail. Since the farfield ground temperature is unknown for any distance away from the geothermal
pipe, it does not provide any advantage to have a larger far-field distance. It would
only increase the computational time and not provide realistic results because of the
unknown far-field ground temperature. Another reason not to have a large ground
far-field distance is to prevent the effects of thermal resistance offered by the ground
as discussed previously in chapter 2 according to Steins et. al [1]. Thus, a small
far-field diameter of just 4m is used with an assumed far-field temperature.
The commonly used pipe material is a plastic PVC(poly-vinyl chloride) pipe.
Chlorinated PVC is preferred over regular PVC because of its non-reactive property against domestic chlorinated water, corrosion resistance and its ability to withstand higher fluid temperatures [29]. The grout material was chosen to be BS 3030(Bentonite 30%, Silica sand 30%, Water 40%). This grout type had the highest
thermal conductivity according to the study by Kim et al. [30]. The ground material
is a typical rock soil that had the properties of the ground at a depth of 0-300 m.
Since the geothermal pipes used in this research are typically buried upto around 200
m, this specific rock soil properties were used, referring to the research by Wang et
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al. [6].

3.3.2

Meshing of the model
After the 3D model was created, the meshing was done on Ansys workbench

meshing. All the edges and boundaries were sized to capture edge effects and obtain
accurate results at the boundaries. The interfaces between any two domains were
meshed with finer cells to capture the minute variations at the domain interfaces. For
the only fluid model, there were no interfaces and the total size of the model was also
considerably smaller than the multi-physics model.
To capture the boundary layer phenomenon at the interface between the fluid
and the solid, prismatic cells were used. The boundary layer is an important and
critical phenomenon in this study, because the heat transfer between the fluid and
the pipe is in fact the main phenomenon to be captured. It is known that, whenever
a fluid flows over a solid surface, a layer of the fluid is formed very close to the solid
surface. If the roughness of the pipe surface is assumed to be standard (as in this
case), the boundary condition of the fluid at the pipe surface is taken as 0 m/s. So,
there is a no-slip condition at the pipe surface. The fluid particles in contact with the
surface have zero velocity due to the high friction coefficient caused by the standard
pipe roughness.
To create the prismatic cell layer at the pipe wall, the thickness of the first
inflation layer must be estimated. This is done by determining the y + value for the
flow condition, where y + is the local Reynolds number measured from the wall to the
center line of the pipe [31]. The skin friction coefficient for internal turbulent flow [18]
is,
−0.25
Cf = 0.079ReD
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(3.1)

The shear stress at the pipe wall is a function of the friction coefficient and is given
by
1
τw = Cf ρU 2
2

(3.2)

The friction velocity in the turbulent boundary layer, U ∗ , is a function of the wall
shear stress.
r

∗

U =

τw
ρ

(3.3)

This friction velocity is then used to calculate the value of the first layer thickness, y
using,
y=

y+µ
U ∗ρ

(3.4)

For a given y + value, we can find the first layer thickness, y, according to equation
3.4. To model a boundary layer mesh, either the wall function approach or the fine
near-wall resolution approach should be used [32]. The wall function approach mainly
focuses on the turbulent core layer and does not resolve the viscous sub-layer. Using
the fine near-wall resolution approach, the first layer thickness is within the viscous
sub-layer and thus it resolves the viscous sub-layer and captures the boundary layer
in a more refined way. Therefore, the fine near-wall resolution approach is generally
used when the wall-bounded effects, such as pressure drop and heat transfer, are
critical in obtaining accurate results [33], as in this case.
When creating the inflation mesh layer using this approach, the condition is
that 0 ≤ y + ≤ 5. In this model, we assume y + ≈ 1 because this is assumed to
be a good approximation while resolving the viscous sub-layer according to [33].
Using an online y + calculator [34] which uses the equations 3.1 to 3.4, we obtain
y = 0.069mm. Substituting this value of y in equation 3.4, the y + value becomes 1.22.
Since this value of y + satisfies the condition of y + ≈ 1, we consider y = 0.069mm in
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Figure 3.8: Polyhedral mesh model

the meshing model and obtain the first layer thickness for the inflation layer. The
inflation layer includes 10 layers with a default element size growth rate of 1.2, starting
from the outer pipe inner surface into the fluid. Whereas, the interface between the
fluid and inner pipe outer surface, being of less importance in this analysis, includes
5 layers with growth rate of 1.2. This is done to reduce the computational time
and number of elements. However, all the turbulence models in Ansys Fluent have
already built-in accommodations that make them essentially y + independent. They
can provide a comparable boundary layer profile resolution irrespective of the first
layer thickness [35].
The element types in our model were selected to be tetrahedrons so that they
can be converted to polyhedrons later. The elements were converted to polyhedrons
in Fluent, since this type of elements produce faster convergence, less number of
iterations and higher speed compared to the tetrahedral, thanks to their increased
number of nodes [36]. The polyhedral meshing of the fluid model is shown in figure
3.8.
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3.3.3

Boundary Conditions
The Fluent solver is used to solve the CFD model. Various boundary condi-

tions were selected and some of the conditions were assumed appropriately to have
reasonable results. In this model, the pressure-based solver is used with steady-state
simulation. The pressure drop, temperature profile, heat flux, etc., are calculated
when the system has achieved a steady-state. Gravity is not considered in this model
since gravity does not play a role in the fluid behavior in a closed-loop geothermal
system.
The energy model is used to capture the thermal and kinetic effects of the fluid.
The turbulence model that is used in the simulation is the K − ω GEKO turbulence
model. GEKO stands for generalized k-omega. This is a 2-equation turbulence model
that is relatively new and developed by Ansys. It works on the Reynolds Averaged
Navier Stokes (RANS) concept. It has the ability to be applicable to a wide range
of flow cases. This model aims at providing just one standard turbulence model with
various variable parameters that can be changed according to the scenarios. In the
Ansys documentation [37], it is proved that parameters like wall shear stress and heat
transfer coefficient match very well with the experimental results, compared to the
more traditional k −  models, where k stands for turbulent kinetic energy,  stands
for kinetic energy dissipation rate, and ω stands for rate of dissipation from kinetic
to thermal internal energy. This model is very similar to but more versatile than the
SST (shear stress transport) model used in some recent industry applicable research
papers such as [38].
Fluid inlet: The inlet of the pipe has a velocity boundary condition of v =
0.2 m/s in the axial direction normal to the inlet surface. The inlet fluid temperature
is defined as 313 K (40℃).
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Figure 3.9: Boundary Conditions

Fluid outlet: The outlet of the pipe has an outflow boundary condition. This is
because the pressure, velocity and temperature at the outlet are unknown.
Inner pipe wall: Since the fluid in the inner pipe is not considered in this model,
an adiabatic condition is assumed at the inner pipe wall.
Outer pipe inner wall: For the only-fluid model, this wall surface has a temperature
boundary condition of Twall = 312.80K (39.8℃). This temperature is assumed because
the actual temperature cannot be found due to the improper far-field condition. In
the case of the multi-physics model, this wall has a coupled boundary condition with
the inner wall of the grout domain.
Solid-solid interfaces: The interface between two solid domains, like pipe-grout
and grout-ground, has a coupled wall boundary condition.
Ground far wall: This far-field wall in the multi-physics model has a temperature
boundary condition of Tf ar = 288K (15℃). As discussed in the next section, although
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the realistic temperature on this surface is unknown, it is assumed to be equal to the
undisturbed ground temperature and also assumed to not be thermally affected by
the geothermal pipes.
Top and bottom solid domain walls: The wall surfaces of the solid domains at
the top of the pipe (surrounding the inlet) and the bottom of the pipe (surrounding
the outlet) have an adiabatic boundary condition. This is because the heat transfer
in the solid domains is assumed to be only radial.

3.3.4

Solution Method
The solution method used to solve these models is a pressure-velocity coupled

scheme with Green-Gauss node based gradient. The variables like pressure, momentum, turbulent kinetic energy, specific dissipation rate and energy are set for 2nd order
discretization. The pseudo-transient term option is selected to add an unsteady term
to the solution equations for enhanced convergence and stability. Standard relaxation factors are used for all variables and all residuals are set to a convergence limit
of 10−6 . The standard initialization method is used to initialize the flow field and
the solution is run for the first 1000 iterations with first-order discretization and the
following 1000 iterations with second-order discretization.

3.4

Far-Field Temperature Issue
There is a limitation in the multi-physics model simulation. All the boundary

conditions can be realistically assumed except the ground far-field temperature. The
ground can be considered as an infinite heat sink and we know that the average
undisturbed ground temperature is around 288K (15℃) [39]. However, when the
heat exchange occurs between the geothermal heat exchanger and the surrounding
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Figure 3.10: Ground temperature decay for no turbulator and turbulator cases

ground, the surrounding ground gets thermally affected and the ground temperature
changes slightly. If the heat is extracted from the ground, the ground temperature
decreases and vice-versa, when the heat is being ejected to the ground, the ground
temperature increases.
In the multi-physics model, it is necessary to define either the ground far-field
wall temperature or the heat flux at the far-field wall boundary. However, these two
values are strictly unknown. Further, it is not possible to make an infinite model of
the ground in Fluent. The ground far-field temperature is unknown regardless of the
far-field radius. So, even for a 50 m ground radius, we need to make a subjective
decision and assume a far-field temperature. Thus, in our model only a small ground
domain is created having a far-field wall radius of 2 m. This distance is not sufficient
to safely assume that the far-field wall will not be thermally affected by the heat
exchange with the geothermal pipe. So, a far-field temperature of 288 K at a distance
of only 2 m from the geothermal pipe cannot give realistic results.
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The schematic diagram shown in Figure 3.10 is just for representation purpose
and does not indicate the real far-field temperature or distance. In the schematic
diagram, there are 2 curves that represent the temperature distribution decay in the
ground for 2 different cases. Consider one of them is for the no-turbulator case and
the other for any of the turbulator cases. We are not sure which curve represents
which case, since it is not possible to know the pipe wall temperature or the far-field
temperature for either of the cases. We know that for both the cases, the ground
temperature decays until it reaches the undisturbed ground temperature. Consider it
to be around 13℃. The model far-field that is created in Fluent has a radial distance
of 2 m. We can see that, at this distance, the ground temperature is not the same
for both cases. There is a slight difference in the temperature, ∆T . So if we specify
the ground temperature at 2 m to be 13℃, for both cases, since the heat fluxes at
the pipe walls are different for both cases, we would get different temperature curves.
This would result into an incorrect calculation of the pipe wall temperature, and thus
causing an error in heat flux calculation.
To accurately estimate the actual pipe wall temperature, we must know the
actual ground temperatures at the 2 m far-field for both cases. Assuming that we
know the temperature for one case, we still cannot interpolate the temperature for
the other case at the 2 m far-field and the temperature values calculated at pipe wall
would not be accurate. This would hinder our efforts to make a fair and accurate
comparison between the no-turbulator and the turbulator cases.
To check the temperature decay in the ground for very large ground far-field, a
simulation was done for the no-turbulator case with 50 m far-field radial distance. The
far-field temperature was set to 15℃. It was assumed that the ground temperature is
not affected at such a large distance away from the geothermal pipe. It was expected
that the temperature decay in the ground would be such that the temperature would
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Figure 3.11: Ground temperature vs radial distance for the no-turbulator case

decay up to a certain critical distance according to a predefined tolerance value, after
which the ground temperature would remain constant equal to 15℃. But, it was found
according to Figure 3.11, that the rate of temperature decay kept on reducing as the
radial distance increased. So, even at a distance of 48 m, the ground temperature
was not exactly equal to 15℃. In fact, it was around 15.2℃. Only at the far-field
wall at 50 m, the ground temperature was 15℃. Thus, it can be concluded that the
temperature decay rate does not become 0. Instead, it keeps on gradually reducing
until the far-field wall is reached in the computational model.
Hence, it is difficult to estimate the far-field distance at which the ground
temperature is known. In Figure 3.10, we can wonder why we cannot assume the
temperature at a large far-field to be equal to 13℃, since the ∆T between the model
and actual temperature is negligibly small. The issue is that, if we assume the large
far-field temperature to be equal to 13℃, this negligible ∆T can become significantly
large near the pipe wall, as seen in the schematic figure. This will have large errors
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in the heat flux estimation in spite of having a nearly equal far-field temperature at
a large radial distance.
In order to estimate an accurate interaction of the geothermal pipes with the
ground, we need to know a few of the boundary conditions like the outlet temperature
of the fluid, temperature of the pipe wall, heat flux through the pipe wall or the farfield ground temperature. Since all these boundary conditions are unknown, there
are too many unknown variables and less number of known equations to estimate
these boundary conditions. Thus, experimental results or further theoretical analysis
would be required in the future study.
As discussed in chapter 2, C. Steins [1] in his paper, has shown that the inclusion of the solid domain like the ground in the model causes high thermal resistance.
This is because the ground material has a high thermal resistance which overshadows
the high heat transfer coefficient provided by the turbulator. Due to this, a proper
comparison between the two models cannot be done. Thus in this research, the multiphysics models are created to only show how the thermal resistance of the ground can
affect the heat exchange between the fluid and the surrounding ground. The actual
comparison between the different turbulator designs are done with a hypothetical
approach with the only-fluid model by assuming a same pipe wall temperature for
all cases and calculating the convective heat transfer coefficient and heat transfer for
each case. This would provide a relative comparison between the models that would
help in estimating a better design.
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Chapter 4
Simulation Results
The results of the simulations were post-processed on both Fluent and CFDPost. Some of the contour and pathline plots are shown in this chapter. Any remaining plots are available in the appendix. First, the results from the multi-physics
models for the no-turbulator case and the turbulator-1 case are shown. Then, the
results from the only-fluid model for different cases are compared.

4.1

Multi-physics Model Results
The velocity pathlines for the no-turbulator and the turbulator 1 (rev. 1.5;

pitch 25.4) are shown in the figures 4.1 and 4.2, respectively.
It can be seen that in the no-turbulator case, the fluid has a more streamlined
flow. In the turbulator-1 case, the streamlined flow from the inlet flows through the
turbulator helical blades and the flow becomes rotational and turbulent. This rotational flow continues for a certain distance downstream before it gradually weakens
and passes through the next turbulator so that the rotational turbulent flow is maintained. This maintenance of turbulent flow throughout the pipe length makes sure
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Figure 4.1: No turbulator: velocity pathline near inlet

Figure 4.2: Turbulator 1: velocity pathline near inlet
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Figure 4.3: No turbulator: Pressure contour

that the convective heat transfer coefficient is also maintained throughout the pipe
length. It can also be seen that the fluid velocity increases after passing through the
turbulator, thus increasing the Reynolds number.
Figures 4.3 and 4.4 show the pressure drop along the length of the pipe. In
the no-turbulator case, the pressure drop mainly occurs due to wall friction and shear
between the layers of the fluid. In the turbulator-1 case, the pressure drop is due to
the turbulence induced by the turbulators and the flow obstruction caused by them,
along with wall friction losses. The distance between the turbulators in the multiphysics model is 0.36 m. The only-fluid model, which was done later, had an increased
gap between the turbulators of 1.05 m. This is done to study how the heat transfer
and pressure drop vary with change in the gap between the turbulators. More about
these analysis are discussed in the upcoming sections.
Table 4.1 shows the heat transfer for the multi-physics case. In the multiphysics model, we had a turbulator gap of 0.36 m as opposed to 1.05 m of the
only-fluid model. For both models, the total pipe length was 1.39 m. We see that
for the multi-physics model, the heat transfer in the outer pipe is almost the same
for all cases. This is explained by the thermal resistance issue addressed by Steins
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Figure 4.4: Turbulator 1: Pressure contour

Table 4.1: Multi-physics heat transfer results

Turb.
Turb.
Turb.
Turb.

Multi-physics
Model
No turbulator
1 - rev 1.5 pitch
2 - rev 2.5 pitch
3 - rev 2.5 pitch
4 - rev 3.5 pitch

25.4
15.4
25.4
35.4
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Heat transfer outer pipe
(W )
90.95
91.87
91.44
91.45
91.37

Figure 4.5: Turbulator 1: Temperature contour

et al.

[1]. Since the turbulator gap is less for the multi-physics case, there are 4

turbulators in the 1.39 m pipe as opposed to 2 turbulators in the only-fluid model.
We expect an increased heat transfer in this case due to more turbulators. But, there
is negligible change for the no-turbulator case when we compare table 4.1 and table
4.3. Compared to the turbulator cases, the only-fluid model has higher heat transfer.
The temperature distribution in the multi-physics model is shown in figure
4.5. The no-turbulator and the turbulator-1 cases have almost similar temperature
distributions in the ground. This is because of the issue with the far-field boundary
condition discussed in the previous chapter.
To verify the effects of thermal resistance, an artificial thermal conductivity
was used for the solid domain in the multi-physics models of the no-turbulator and
turbulator 1 cases. The thermal conductivity was increased to 1000 W/mK for all
three solid domains (pipe, grout, and ground). The two models are compared as
shown in Table 4.2.
We see that the heat transfer at the outer pipe is significantly different for
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Table 4.2: Multi-physics heat transfer (artificial thermal conductivity)
Multi-physics
Model
No turbulator
Turb. 1 - rev 1.5 pitch 25.4

Heat transfer
outer pipe (W )
9353
28361

both the no-turbulator and the turbulator 1 cases. This is because of the extremely
high artificial thermal conductivity of the medium around the fluid. The heat transfer
is around 300% higher in the turbulator 1 case. This clearly concludes that the low
natural thermal conductivity of the solid domains, especially that of the ground,
overshadows the thermal improvement provided by the turbulators. Hence we can
conclude that the turbulators can be helpful in certain applications and the conclusion
provided by Steins et. al [1] is true.

4.2

Only-fluid Model Results
In the only-fluid models, the pipe wall boundary condition has a temperature

of 312.80 K and the comparison of heat transfer, temperature drop between inlet
and outlet and the pump analysis is done for the fluid model of length 1.39 m. The
gap between the turbulators is 1.05 m unlike the multi-physics model. This is done
because it was found that there was no need to have smaller gaps between turbulators
to achieve similar heat transfer between the fluid and the pipe. Having a larger gap
of 1.05 m did not have any undesirable heat transfer but provided a smaller pressure
drop across the pipe length. So, the only-fluid model uses a turbulator gap of 1.05
m. Even though there is no need to decrease the gap, increasing it might have a
significant effect. Therefore, the effects on heat transfer and pressure drop is also
checked for a gap higher than 1.05 m. A comparison is done for the turbulator 1 case
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Figure 4.6: Fluid Model with mid-planes

with 2.1 m, which is twice the previous gap of 1.05 m.
In the fluid models, there are 4 turbulators placed with a gap of 1.05 m. To
remove the effect of the inlet and the outlet, the fluid flow of the section of the pipe
between mid-planes 1 and 3 (as shown in Figure 4.6) is considered. This was to make
sure the analyzed part has a fully developed turbulent rotational flow. The middle
section of the pipe analyzed has a length of 1.39 m for consistency in comparison with
the no-turbulator case. The fluid domain of interest was defined by two planes created
normal to the flow, one positioned before the second turbulator and the other plane
after the third turbulator. This domain was similar for all turbulator type cases.
Figures 4.7 to 4.9 show some of the images of the velocity pathline, temperature
distribution and wall heat flux distribution for the turbulator 1 case. Similar images
for other turbulator cases are available in appendix.
In the velocity pathline image (Figure 4.7), we can see that when the fluid
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Figure 4.7: Fluid model Turbulator 1: Velocity pathline

Figure 4.8: Fluid model Turbulator 1: Temperature contour
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Figure 4.9: Fluid model Turbulator 1: Heat Flux contour

flows through the turbulator, there is more rotational flow immediately after the
turbulator. As the fluid flows further away from the turbulator, the the rotational
flow per unit length keeps reducing until it reaches the next turbulator. This helps
in maintaining the rotational flow and not allowing the fluid loose its turbulence,
which can reduce the convective heat transfer coefficient. Therefore, ideally, the gap
between turbulators should be reduced to the point where the velocity is maintained
throughout the length of the pipe. However, this would result in a significant increase
in pressure drop, which is not desired. As a result, a trade-off between heat transfer
efficiency and pressure drop must be found.
In the temperature contour (Figure 4.8), we can see that the fluid temperature
drop is high across the turbulator. When the fluid is flowing between the two turbulators, the temperature drop is gradual and the fluid near the wall is cooler than
in the bulk, obviously due to the heat loss at the outer pipe. The actual values of
temperature drop are discussed in a subsequent section.
The heat flux near the turbulator is also higher due to more turbulence and
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Table 4.3: Only-fluid model heat transfer results

Turb.
Turb.
Turb.
Turb.

Model
No turbulator
1 - rev 1.5 pitch
2 - rev 2.5 pitch
3 - rev 2.5 pitch
4 - rev 3.5 pitch

25.4
15.4
25.4
35.4

Heat transfer
outer pipe (W )
93.32
269.3
305.6
274.1
248.9

Heat transfer
∆T
(K) coefficient (W/m2 K)
0.018
1131
0.052
5384
0.064
7786
0.053
5597
0.048
4757

heat transfer in the flow. We see in the heat flux contour (figure 4.9) that the heat flux
keeps gradually reducing as the fluid flows away from the turbulator. When it passes
through the next turbulator, the heat flux again increases. This is the reason why
multiple turbulators are needed in the pipe to maintain the heat flux uniformity and
have a better thermal efficiency. However, as discussed earlier, having the turbulators
very close to each other can have detrimental effects on the water pump energy
consumption, which can lead to a decrease in the coefficient of performance (COP)
of the geothermal system. Thus, an optimum gap needs to be determined for a given
turbulator and flow rate, which is beyond the objective of this research. Further
studies would be required to determine the optimum gap.

4.3

Mesh Independence Study
Mesh independence is an important criterion that determines whether the

results are accurate and independent of the mesh size. The results of the only-fluid
model were studied for mesh independence. The most favorable turbulator model,
i.e., turbulator 4, was selected and the mesh independence was done by comparing
the results for 4 different mesh sizes. The 1st model of turbulator 4 had a total mesh
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element count of 2 million and the 2nd model had a total mesh element count of 2.2
million. Analysis for more refined mesh was also done for 3.2 million and 4.7 million
elements. The most important parameter i.e., the coefficient of performance (COP)
was checked for all the models. COP was selected as the parameter to be compared
because it determines the overall performance of the geothermal pipes. The results
are shown in the figure 4.10. The marker circled in red is the original model used in
this research. It has 2 million mesh elements. This model was used in this research
because it provided a high quality mesh that had sufficient number of elements to give
a mass imbalance of ≈ 10−15 and total heat transfer imbalance of ≤ 2%. The average
aspect ratio was around 20, average skewness was around 18 with maximum skewness
to be around 70. The average orthogonal quality was around 85 with a minimum of
around 30. Since all the mesh parameters were satisfactory with imbalances within
the permissible limits as described by the Ansys meshing guide [40], this model was
selected to be final.
We see that the horizontal asymptote was not achieved in the figure 4.10, as
it ideally should. This was due to the computational limitation and very large file
sizes that were challenging to handle on a personal desktop. Although the Palmetto
cluster was used to carry out the simulations, the data post-processing had to be
done on a regular computer. The mesh creation was done on the personal computer
which could not handle such large mesh files. Thus, further mesh refinement was not
done in this study. But, we can see that the change in the COP is just 1.1% for a
135% increase in the mesh elements. This shows that the model circled in red was
sufficient enough for the purpose of comparison with the other turbulator models in
this research. We can see in the figure 5.3, that the COP for the turbulator 4 case is
the highest and is 4.6% higher than the turbulator model with the 2nd highest COP.
But, according to figure 4.10, the range of error is just 1.1% for a 135% increase in the
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Figure 4.10: Mesh Independence study: Turbulator 4 - 1.05 m gap

mesh elements. Hence, a refined mesh with 4.7 million mesh elements also provides
the same conclusion as the figure 5.3. Although the mesh independence study has
limitations, it can be concluded that the current model with 2 million mesh elements
is good enough to do a relative comparison between various turbulator models, which
is the objective of this research.
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Chapter 5
Pump and Trade-off Analysis
5.1

Pump Energy Consumption
The most important thing to consider while improving any system is the re-

duction of the cost. Since everything narrows down to money, it is crucial to make
sure the operating costs of the system are within acceptable limits while improving its
performance. Similarly in the geothermal system, it is necessary to improve its heat
transfer capability while also considering the operating costs. This can be achieved
by reducing the input power consumption for the system by enhancing the overall
efficiency. The main input power for the geothermal system to run is the electrical
power consumed by the water pump and the heat pump. In this analysis, the electrical power consumption of the heat pump is assumed to be constant and does not
vary with change in heat transfer. Although in reality, there can be some variation
in the heat pump electrical consumption, to reduce the complexity, it was assumed
to be negligible and not considered. Further, the research by Jalaluddin and Miyara
[21] on comparison between the spiral and U-bend heat exchangers suggests that the
power input to the heat pump can be kept constant while comparing the coefficient
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of performance (COP) of the two cases.
The water pump electrical energy consumption, however, cannot be neglected.
It is calculated by determining the water pump efficiency and its mechanical power
output. The mechanical power is calculated mainly by knowing the pressure drop
in the geothermal pipe in the annular region as well as the inner pipe region. The
pressure drop in the annular region is calculated by Fluent while the pressure drop in
the inner pipe is calculated theoretically. As already discussed in the previous chapter,
the fluid flow in the inner pipe is not considered in the model, which explains why a
theoretical approach is used. The pressure drop is mainly due to the friction losses
in the inner pipe.
The research done by Wang et al. [6] on estimating the power consumption
in borehole heat exchangers deals with calculating the water pump output power
through theoretical calculations. Referring to this paper, the pressure drop per unit
length in the inner pipe can be calculated by using the Darcy-Weisbach equation.

∆pinner =

0.1582ρuinner 1.75 ν 0.25
dinner 1.25

(5.1)

where uinner is the average fluid velocity in the inner pipe, ν is the kinematic viscosity
of water, and dinner is the internal diameter of the inner pipe. The fluid velocity in
the inner pipe is calculated by using the continuity equation.

ρAannular uannular = ρAinner uinner

(5.2)

where uannular is the velocity at the inlet of 0.2 m/s, Aannular is the sectional area
of the annulus, and Ainner is the sectional area of the inner pipe. The density and
kinematic viscosity of the fluid, which are functions of the fluid temperature, are
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assumed to be constant throughout the system because of small changes in the fluid
temperature. Ignoring the minor losses in the pipe, such as valves, bends and fittings,

∆ptotal = ∆pinner L + ∆pannular

(5.3)

The total pressure drop across the entire geothermal pipe for a given pipe length, is
calculated as in equation 5.3. The equation for inner pipe pressure drop is per unit
pipe length. So, multiplying it with the total pipe length and adding the pressure
drop in the annular region gives the total pressure drop. This total pressure drop
multiplied with the volumetric flow rate of the fluid in the pipe, gives the total power
output by the water pump.
Pmech,wp = ∆ptotal V

(5.4)

where V is the volumetric flow rate of the fluid calculated as,

V = Aannular uannular = Ainner uinner

(5.5)

All these above equations are used to calculate the mechanical output power of the
water pump for all turbulator cases.
The bar chart of figure 5.1 shows the water pump mechanical output for various
turbulator models using the fluid inlet velocity of 0.2 m/s for all cases. Figure 5.1
shows that the water pump output power is significantly greater for the turbulator
cases than the no-turbulator case (i.e., up to 50 times greater). This suggests that
the benefits of using turbulators may be lost in the water pump energy consumption.
In reality, however, when turbulators are used, there is no need to have the same fluid
velocity as the no-turbulator case since turbulators can create a turbulent rotational
flow at lower fluid velocities. Thus, Figure 5.2 shows the water pump output power
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Figure 5.1: Water pump output for all turbulator models

Figure 5.2: Water pump output for varying inlet velocity
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for turbulator 4 (rev 3.5 pitch 35.4) for three different inlet velocities, i.e., 0.2 m/s,
0.1 m/s and 0.05 m/s. Turbulator 4 was selected for this comparison since it has
the lowest pump output power among the turbulator cases. It can be seen that the
water pump output power decreases significantly with the fluid velocity. It decreases
down to 0.1 W at 0.05 m/s compared to 0.5 W at 0.2 m/s for the no-turbulator case.
Therfore, the water pump output power can be reduced even with the inclusion of
turbulators at low fluid velocities. In the next section, the heat transfer and COP are
compared for an overall understanding of these cases.

5.2

Trade-Off Analysis between Heat Transfer and
Pump Consumption
The water pump output is not sufficient to determine the overall performance

of the geothermal pipe. The objective of the research is to analyze the heat transfer
improvement by the turbulators in comparison with the electrical power input to run
the geothermal system. The heat transfer through the geothermal pipe was already
discussed in the previous sections and it is clear that the turbulators help in increasing
the heat transfer coefficient and the total heat exchange between the fluid and the
surrounding ground. In the last section, the water pump mechanical output was also
calculated for different turbulators and the variation for different inlet velocities was
discussed for the best turbulator case. Now the input electrical power (i.e., electrical
consumption), Pelec,wp , must be calculated, which is done using the assumed efficiency
of the water pump, ηwp , and its mechanical output, Pmech,wp .

Pelec,wp =

Pmech,wp
ηwp
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(5.6)

Figure 5.3: Coefficient of performance for all turbulator models

In equation 5.6 a value of 0.6 is used for ηwp according to [41].
Similarly, the electrical power consumed by the geothermal heat pump can
be calculated by equation 5.7, where dH is the heat transferred by the heat pump
which is equal to the heat exchanged between the fluid and the ground in the heat
exchanger. In this research, the coefficient of performance of the heat pump is assumed
to be COPHP = 3.5 according to the data by the Department of Energy [42]. This
means that the heat pump consumes 25% to 30% of the transferred thermal energy
as electrical energy [43]. Although the electrical input energy can vary based on the
turbulator and the heat exchange rate, this variation can be studied in future work
but is assumed to be negligible in this research. As a result, the COP is assumed to
be constant to make a direct relative comparison between the turbulator models.

Pelec,hp =

dH
COPHP
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(5.7)

Figure 5.4: Coefficient of performance for varying inlet velocity

Figure 5.3 shows the COP for different turbulator types for a constant inlet
velocity of 0.2 m/s. We can see that the COP for the no turbulator case is the the
highest and the turbulator 2 has the lowest COP. When compared to figure 5.1, this
figure shows that the model with the smallest water pump mechanical output has the
highest COP. Since the no-turbulator case has the smallest pressure drop and water
pump output, it has the highest COP. We can conclude from figure 5.3 that there
does not seem to be an advantage in using turbulators if the same inlet velocity is
used. In reality, however, this is not the case. The purpose of the turbulators is to
induce turbulence at a lower fluid velocity. So, the comparison should be made based
on different inlet fluid velocity. For this comparison, the case of turbulator 4, which
has the highest COP among the turbulator models, is used. Figure 5.4 shows the
COP of the turbulator 4 case for different inlet velocities and compares them to the
no-turbulator case. We can see that the COP is highest for the turbulator 4 case
with the inlet velocity of 0.05 m/s. This COP is higher than the no-turbulator case.
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Figure 5.5: Coefficient of performance for multi-physics models

So, we can say that the turbulator 4 case with a lower fluid velocity can provide a
better performance than the no-turbulator case. As discussed in the figure 5.2, the
turbulator 4 case with inlet velocity of 0.05 m/s also has the smallest water pump
output. Thus, this is reflected in the value of COP.
This comparison confirms the expected benefit of using turbulators in co-axial
heat exchangers. It should be noted, however, that this analysis neglects the presence
of the ground. So, another comparison is done with the multi-physics model. The
multi-physics case for the no-turbulator and the turbulator 4 with a turbulator gap
of 1.05 m is computed. The no-turbulator case has an inlet velocity of 0.2 m/s and
the turbulator 4 case has an inlet velocity of 0.05 m/s. The COP for each case is
shown in the figure 5.5.
We see that the COP is greater for the turbulator 4 even in the multi-physics
case. The total heat transfer at the outer pipe wall for the no turbulator case was
90.95 W and the turbulator 4 case was 93.02 W. So, even though the heat transfer is
similar due to the high ground thermal resistance issue, the water pump output power
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is 0.52 W and the 0.10 W respectively. Thus, the COP is greater for the turbulator 4
case due to a lower fluid velocity. This concludes that the turbulator can be beneficial
even in actual geothermal systems for a lower fluid velocity.

5.3

Effects on heat transfer and COP due to change
in turbulator gap
In all the previously discussed models, the distance between adjacent turbu-

lators, referred to as turbulator gap, is set to 1.05 m. Intuitively, one can expect
that increasing the turbulator gap would reduce the pressure drop and water pump
consumption. If the corresponding heat transfer were not to be reduced much as the
turbulator gap increases, the COP would increase.
In this section, we discuss the gap increase to 2.1 m for the only-fluid model
with turbulator 1 case. The turbulator 1 case was selected to check how its heat
transfer and COP would be affected. Note that similar comparisons could be done in
the future for the other 3 turbulator cases as well.
Figure 5.6 shows the velocity pathlines for turbulator 1 with a turbulator gap
of 1.05 m. When the fluid passes through the turbulator the velocity increases and
the particles are ejected out of the turbulator at high velocity and the fluid attains
a highly rotational flow as it flows through the pipe. Gradually, this rotational flow
decays (i.e., slows down) as the fluid reaches the next turbulator. If we compare it
with the figure 5.7, we see that the rotational behavior of the fluid is similar but
since the gap between the turbulators is increased to 2.1 m, the rotational flow of the
fluid decays further along the pipe, before reaching the next turbulator. Thus, we
can observe that the rotational frequency is much less in the 2.1 m gap case, near the

58

Figure 5.6: Velocity pathlines with turbulator gap of 1.05 m

Figure 5.7: Velocity pathlines with turbulator gap of 2.1 m
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Figure 5.8: Surface heat transfer coefficient variation along the pipe length for turbulator gap of 1.05 m at a location on outer pipe wall

Figure 5.9: Surface heat transfer coefficient variation along the pipe length for turbulator gap of 2.1 m at a location on outer pipe wall
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second turbulator.
This decay in the rotational flow is due to the loss of energy in the fluid induced
by frictional losses along the pipe wall. It is necessary to estimate the optimum gap
between turbulators to maintain a sufficient rotational flow and a high wall heat
transfer coefficient. This would enhance the thermal efficiency as well as limit the
number of turbulators needed in the geothermal pipe. A study on this can be done as
a future work. Ideally, to maintain a fixed constant heat transfer coefficient, we need
to have continuous turbulators throughout the entire pipe length. But this would
drastically increase the pressure drop and require a lot of electrical power for the
water pump, causing a reduction in the COP.
Figure 5.8 and figure 5.9 show the variation of the surface heat transfer coefficient along the pipe length at the outer-pipe surface in contact with the fluid.
In figure 5.8, we can see the fluctuation of the heat transfer coefficient between the
turbulators that are placed at a gap of 1.05 m. The variation near the 1st turbulator
is not shown, since the fluid is not fully developed and well-mixed near the 1st turbulator. As the fluid passes through the 2nd turbulator, there is a large fluctuation
due to the fluid rotation and the heat transfer coefficient spikes to the peak value
immediately after passing through the 2nd turbulator. As the fluid flows towards the
3rd turbulator, the heat transfer coefficient gradually decreases, as shown between
the 2nd and the 3rd turbulator. This is because of the reduction in the rotational
velocity due to energy loss as observed in figure 5.6. This trend is observed between
the 3rd and the 4th turbulators as well.
A similar behavior is also observed in figure 5.9, where the turbulators are
placed at a gap of 2.1 m. If both figures are compared, the fluctuation of the heat
transfer coefficient between the turbulators is higher in the 1.05 m case. The average
heat transfer coefficient for the 1.05 m case is 2768 W/m2 K, which is higher than
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Table 5.1: Turbulator 1 results for varying turbulator gap

Turbulator
gap (m)
1.05
2.1

∆P per
unit length
(P a/m)
2710
1576

Heat transfer
outer pipe
∆T
(W/m)
(K/m)
183
0.035
93
0.019

Average heat
transfer coeff
(W/m2 K)
5089
3317

1584 W/m2 K in the 2.1 m case. So, it can be concluded that placing the turbulators
at a larger gap would help in reducing the pump energy consumption, but it would
also reduce the average heat transfer coefficient.
In table 5.1, the flow variables for both cases are shown. Note that the total
length of the pipe considered in the analysis is 2.1 m, as opposed to 1.39 m considered
in Chapter 4. We can see that the pressure drop is 42% lower for the 2.1 m gap case.
This is because the number of turbulators per unit length of the pipe is smaller.
Along with the pressure, however, the total heat transfer through the outer pipe
also decreases for the 2.1 m case by 49%. This can be explained due to the reduced
rotational flow near the second turbulator in the 2.1 m case as seen in figure 5.7.
When compared to the 1.05 m case, the 2.1 m case has a reduced rotational flow far
away from the first turbulator. Since the heat transfer is reduced, the temperature
drop along the pipe is also reduced in the 2.1 m case as seen in table 5.1. The
significant change in the heat transfer can be explained by the average heat transfer
coefficient values at the outer-pipe wall surface. Note that these values represent the
heat transfer coefficient averaged over the whole outer pipe wall surface, which is
different from the local heat transfer coefficient shown in Figures 5.8 and 5.9.
Figure 5.10 represents the water pump output for the two cases. We see that
the pump output is greater for the 1.05 m case. This is obviously due to the smaller
gap between turbulators. The increase in the number of turbulators per unit length
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Figure 5.10: Turbulator 1: Pump output for varying gap between turbulators

Figure 5.11: Turbulator 1: COP for varying gap between turbulators
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causes a larger pressure drop which in turn increases the pump output.
Figure 5.11 shows the COP for each case. Although the water pump output
is greater for the 1.05 m case, its COP is also higher than the 2.1 m case. This
is because there is 42% reduction in the pressure drop in the 2.1 m case but 49%
reduction in the heat transfer. If the 2.1 m case model is used instead of the 1.05 m
case model, the pressure drop improvement is overshadowed by the significantly large
heat transfer reduction. Due to this, the COP of 1.05 m case is still better than the
2.1 m case model. So, overall the 1.05 m case seems to be a more preferable option.
Ideally, more cases with different turbulator gaps need to be analyzed in the future,
to determine an optimum gap.
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Chapter 6
Conclusion
In this research, different designs of turbulence generators included in geothermal pipes are compared to analyze the effects they have on the thermal efficiency and
the overall Coefficient of Performance (COP) of geothermal systems. In this thesis,
four different turbulator models are considered by varying the design parameters such
as the number of revolutions and the pitch length of the turbulator blades. Computational Fluid Dynamics (CFD) simulations are performed using Ansys Fluent for each
of the geothermal pipe models. Multi-physics as well as only-fluid models are solved
numerically and the results are analyzed as described in the previous chapters. Various critical observations and results obtained from these simulations were discussed
in these chapters and are summarized in this conclusion chapter. The limitations of
the study and future work are also presented.
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6.1
6.1.1

Discussion of Results
Ground thermal resistance
In Chapter 4, we analyzed the CFD models for the multi-physics case. From

Table 4.1, we saw that the total heat transfer between the fluid and the ground
through the outer pipe is almost the same in all four models. This is because of the
issue with the far-field solid domain surrounding the pipe. The ground surrounding
the pipes has a much higher thermal resistance than the fluid. As a result, an increase
in the heat transfer due to turbulators has negligible effect on the overall thermal
efficiency of the system. The amount of increase in the heat transfer by including the
turbulators appears to be constrained and limited by the effect of the high thermal
resistance of the surrounding solid domain.
This phenomenon was confirmed by Stein et al. [1] using an analytical model
of a geothermal system with a ground of fixed radius, shown in Figure 2.3. When the
thermal conductivity of the ground is varied, they showed that the change in heat
transfer from the geothermal pipe is negligible for lower thermal conductivity. In the
case of higher thermal conductivity, however, there is a noticeable variation in the
heat transfer with increasing heat transfer coefficient. The conclusion made by Steins
et al [1] was verified in the section 4.1, by simulating the multi-physics model for the
no-turbulator and the turbulator 1 cases with artificially high thermal conductivity.
It was found that the turbulator 1 case provided around 300% increase in the heat
transfer than the no-turbulator case.
Due to the issue with the high ground thermal resistance, all four turbulator
models provide similar heat transfer. Even for an improved heat transfer coefficient,
by including turbulators, there is no increase in the heat transfer as shown in table
4.1. Hence, an only-fluid model approach is considered for further comparison of the
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turbulators although this comparison do not provide realistic values for geothermal
systems.

6.1.2

Far-field boundary condition
Another issue with the multi-physics model is that the far-field boundary con-

dition cannot be predicted. In the multi-physics model, a boundary condition needs
to be specified at the ground far-field before running the simulation. Although a
known temperature boundary condition can be specified, it is subjective and possibly
unrealistic. We know that the ground undisturbed temperature is around 15℃(288
K). When heat exchange occurs between the fluid and the surrounding ground, the
ground temperature decays exponentially and reaches the undisturbed temperature
at an infinite distance. In a numerical model, however, the ground radius is finite and
the far-field is unknown. Therefore, assuming a known temperature at the far-field
induces subjectivity and inaccuracies. This issue also hinders our efforts to use the
multi-physics model for the numerical analysis.

6.1.3

Varying inlet velocity
In Chapter 5, we analyzed the results for the turbulator 4 model with varying

fluid velocities. As seen in figure 5.1, the turbulator 4 model has the lower water
pump energy consumption among all turbulators considered in this research. Thus,
turbulator 4 can be considered as the best design. However, the COP of the turbulator
4 case is lower than the no-turbulator case. Hence, using the same fluid velocity, the
no-turbulator case seems to be a better option. By varying the fluid inlet velocity for
the turbulator 4 case and comparing the results with the no-turbulator case, we see
that the water pump output is lowest for a velocity of 0.05 m/s as shown in Figure
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5.2. The balance between the heat transfer and the water pump output presented by
the COP in figure 5.4, shows that the turbulator 4 case with a reduced fluid velocity
can provide a 2.36% higher COP than the no-turbulator case. In case of the multiphysics model, the no-turbulator and the turbulator 4 cases are compared with inlet
velocities of 0.2m/s and 0.05m/s, respectively. It is concluded that the turbulators
can be beneficial at a lower fluid velocity by providing a 2.65% higher COP, even in
the multi-physics model with high thermal resistance as shown in figure 5.5.

6.1.4

Gap between turbulators
Another factor that determines the thermal efficiency and the overall COP

of the geothermal system is the gap between the turbulators. In Chapter 5, the
gap between the turbulators for the Turbulator 1 case is presented. Two cases, one
with 1.05 m gap and the other with 2.1 m gap are compared. We can see from
figure 5.6 that the velocity pathlines have a rotational flow when they pass through
the turbulator. While flowing through the pipe between the two turbulators, this
rotational flow gradually decays. Since the gap is smaller, the fluid passes through
the next turbulator before significant decay of the rotational flow occurs. This helps
in maintaining a good rotation in the fluid and avoid too much fluctuation in the
heat transfer coefficient along the pipe length. In case of Figure 5.7, we see that the
turbulators are at a larger gap of 2.1 m. Thus, the rotational flow in the pathlines
decay to a greater extent than in the 1.05 m gap case. This causes more fluctuation
in the heat transfer coefficient along the pipe length. The variation of heat transfer
coefficient along the pipe length are shown in Figures 5.8 and 5.9.
The advantage of having a larger gap between the turbulators helps in reducing
the pressure drop per unit length. As seen in Table 5.1, the ∆P between the two
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turbulators is smaller for the 2.1 m case. This will reduce the pump output as seen in
Figure 5.10. But, the heat transfer is also much smaller. This causes a reduced COP
for the 2.1 m case as seen in Figure 5.11. So, it can be concluded that increasing the
gap between the turbulators might not necessarily improve the COP. A larger gap
causes the average heat transfer coefficient along the pipe to go down, thus reducing
the overall COP. Hence, further study is required to analyze the optimum gap needed
between the turbulators for different turbulator designs to maximize the overall COP.

6.2

Limitations of the Study and Future Work
Although the intention of having turbulators in coaxial geothermal pipes is

to enhance the thermal efficiency as well as the overall COP, it is understood from
the results that this may not hold true for all cases. Some of the limitations of this
study are that not all designs of turbulators help in improving the overall COP of
the geothermal system. As discussed in Chapter 5, only the turbulator 4 design with
a lower fluid velocity has the highest COP. All other designs are not favorable at
least with a fluid velocity same as that of the no-turbulator case. Analysis of other
turbulator models for lower fluid velocities has not been done in this research. It has
been left for future work. More simulations can be done to find the optimum gap
between the turbulators using optimization methods and experiments.
This study only focuses on the numerical approach to analyze the turbulators.
Although the CFD approach is undertaken with the best possible boundary conditions, an experimental validation is required to provide a support to these results.
The numerical simulations have some computational errors which might give different
results than the experimental approach. Hence in the future, a series of experiments
can be conducted to validate these findings and provide a better understanding of
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benefits of turbulators in geothermal systems.
The issue with the far-field boundary condition is another limitation of the
study. As discussed in Chapter 3, it is impossible to know the exact far-field temperature boundary condition since it depends on the heat flux at the pipe, which
itself depends on the far-field temperature boundary condition. Future work should
investigate the use of transient methods to potentially alleviate this issue as done by
Jalaluddin and Miyara [44]. They took a transient approach to perform the simulation with an initial far-field temperature boundary condition Also, in-the-field experimental test should be conducted in the future to measure the far-field boundary
condition.
The high thermal resistance of the ground suggests that turbulators are not as
beneficial as expected under the same inlet velocity conditions. Future work should
investigate the benefit of turbulators in heat exchanged used in water such as with
aqua-thermal systems, also referred to as water-source heat pumps. Although the
thermal resistivity of water is greater than that of typical ground materials, the
convective effect of water around the pipe may justify the use of turbulators.

6.3

Final Conclusions
The conclusions that can be made from this research include the following.
The turbulators have the capability to improve the overall heat transfer be-

tween the fluid and the ground under certain conditions. The design of the turbulators
plays a role in determining the amount of heat transfer and the COP of the geothermal system. A turbulator with more revolutions but a smaller pitch increases the
heat transfer. More revolutions help in generating more rotation to the fluid. A
smaller pitch provides more restriction to the flow and induces more heat transfer at
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the pipe surface near the turbulator. These advantages, however, are overshadowed
by an increase in the pressure drop across the turbulators due to greater friction and
more restriction to the flow.
The percentage of change in the heat transfer among the four different turbulator models studied is around 8-22% and the percentage of change in the water pump
output is 59-498%. One of the four turbulator designs (i.e., turbulator 4), with the
appropriate fluid velocity, provides the best COP and is better than the no-turbulator
case. The other turbulator designs were outperformed by the no-turbulator case with
the fluid velocities considered. They may show better performance in future work
with more appropriate fluid velocities as lower fluid velocities generally reduce the
pump energy requirement without compromising the heat transfer.
This research concludes that the turbulators can contribute to improve the
COP of the geothermal system. The design of the turbulators can be selected in
conjunction with appropriate fluid velocity, gap between the turbulators, and length
of the geothermal pipe. However, it was shown that the benefits of turbulators in
geothermal systems are reduced by the excessively high thermal resistance of the
ground. Therefore, turbulators may be more beneficial in applications where thermal
resistance is not a controlling parameter, such as with air-source and water-source
heat pumps.
Finally, it can be concluded that there are a lot of possibilities to analyze
different turbulator designs with various inlet boundary conditions and gap distances.
Optimization techniques can be used and experiments can be done to validate the
results obtained in this research to further improve the performance of the co-axial
ground geothermal heat exchangers.
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